Microcystins (MCs) produced by cyanobacteria and their continuing ''blooms'' are a worldwide problem owing to the toxicity of microcystin-LR (MC-LR) to plants and animals. In the present study, we investigated membrane transport of MC-LR and its toxic effects on zebrafish embryos using fragmentation of embryos, scanning electron microscope (SEM), fluorescence microscopy, and toxic exposure tests. At a concentration < 0.04 mmol/l, MC-LR was predominantly adsorbed on outer membrane surface of embryos according to Langmuir isotherm. The absorption characteristics of MC-LR within the range from 0.05 to 0.4 mmol/l conformed to Freundlich isotherm model. At concentrations > 0.50 mmol/l MC-LR directly entered the cytoplasm via partition. Thinning and disruption of membranes was confirmed using SEM and fluorescence morphological observations. Exposure to different concentrations of MC-LR resulted in differences in membrane transport and toxicity characteristics. At low concentrations, more than 75% of the adsorbed MC-LR accumulated on the outer membrane surface and resulted in axial malformation, tail curving, and tail twisting. Increasing the concentration of MC-LR to between 0.05 and 0.4 mmol/l improved membrane transport and it was evident in cytoplasm of embryos, resulting in serious pericardial edema, hatching gland edema, hemagglutination, hemorrhage, and vacuolization. At > 0.50 mmol/l, more than 70% of the adsorbed MC-LR entered the cytoplasm and this was lethal to the embryos. The current research outlines a new method and mechanism for the transmembrane transport of large molecular weight organic compounds and could be important for studies concerning molecular toxicology.
Microcystins (MCs) are cyclic nonribosomal peptides produced by several species of cyanobacteria including those belonging to the genera Microcystis, Anabaena, and Planktothrix (Djediat et al., 2010) . MCs contains several uncommon nonproteinogenic amino acids including dehydroalanine derivatives and the b-amino acid (all-S, all-E)-3-amino-9-methoxy-2, 6, 8-trimethyl-10-phenyldeca-4,6-diene acid (ADDA). More than 80 MCs have been successfully isolated and identified. Microcystin-LR (MC-LR) is the most abundant and most toxic worldwide (Fastner et al., 2002) , leading to investigations by chemists, pharmacologists, biologists, and ecologists from all over the world. The majority of studies concerning MC-LR have demonstrated its toxicity toward plants and animals, and it is recognized as an inducer of potent environmental stress in aquatic ecosystems and as a potential threat to human health (Miller et al., 2010; Stone and Bress, 2007) . MCs derived from continuing ''blooms'' constitute a worldwide problem affecting several countries including China, Brazil, Australia, the United States, and much of Europe. Once MCs are ingested, most travel to the liver via the bile acid transport system and are stored. However, some remain in the blood stream and can contaminate various tissues. MCs bind covalently to protein phosphatases and disrupt cellular control processes. MC-LR strongly inhibits protein phosphatase type 1(PP1) and protein phosphatase type 2A (PP2A) (Hastie et al., 2005; Malbrouck et al., 2004; Tachi et al., 2007) and demonstrates tumor-promoting activity (Gan et al., 2010) . A few studies have suggested a relationship between liver and colorectal cancers and the occurrence of cyanobacteria in drinking water (Zhou et al., 2002) . However, there is insufficient information to assess the carcinogenic potential of MCs applying Environmental Protection Administration Guidelines for Carcinogen Risk Assessment. Several studies have demonstrated that the mechanism underlying an agent's toxicity is related to its membrane interactions (Donato et al., 1997a; Lopes et al., 1997; Sikkema et al., 1995) . The present study confirms that the toxic mechanism of an agent is related to membrane interactions but also concludes that it is related to the type of membrane transport it undergoes Song et al., 2010) . In previous studies, Bacillus stearothermophilus was chosen as the model system for assessing the toxicity of several lipophilic environmental pollutants including endosulfan, dichlorodiphenyltrichloroethane, and tamoxifen (Donato et al., 1997b; Martins et al., 2003; Monteiro et al., 2003) . In the present study, zebrafish embryos were chosen as the model system to investigate lipophilic and hydrophilic environmental pollutants. The pollutants investigated in previous studies are relatively simple in terms of structure and polarity. MC-LR has a more complex structure, containing hydrophobic groups in addition to hydrophilic groups.
Several recent reports concern early life-stage toxicity (ELS) effects of MC-LR (Fischer and Dietrich, 2000; Huynh-Delerme et al., 2005; Jacquet et al., 2004) . Previous studies have elucidated toxicity-causing mechanisms underlying exogenous chemicals by focusing on interactions with target molecules in vitro Zhang et al., 2010) , protein expression (Jayaraj et al., 2006; Mezhoud et al., 2008) , alteration of gene sequences (Li et al., 2009; Schwarzenberger et al., 2009) , and dose-effect relationships (Herfindal and Selheim, 2006; Wang et al., 2005) . However, chemicals that affect the function of a target biomolecule having penetrated the cell must have interacted with the cell membrane before inducing toxicity (Li et al., 2007) . The limited information concerning the mechanisms underlying the toxicity of MC-LR may be due to a lack of understanding its interactions with the membrane and the membrane transport process to which it is subject. Zebrafish are an ideal model for investigating developmental toxicity in vertebrates during ELS (Lahnsteiner, 2008; Nagel, 2002) . Therefore, embryos were exposed to MC-LR, a representative of MCs. The aim of this study was to understand the developmental toxicity caused by MC-LR and elucidation of associated membrane transport pathways.
MATERIALS AND METHODS
Apparatus and materials. A high-performance liquid chromatography (HPLC) (Model L-2000, Hitachi, Japan) with an L-2130 pump, a diode array detector (DAD) (Model L-2455), and an inverse-phase column (C18, Model Eclipse Plus 5 lm 4.6 3 150 mm; Agilent) was used to determine the concentration of MC-LR. A freeze-dryer (Model K750X; Jintan Etong Electrons, China) was used to prepare freeze-dried embryos for morphology of the outer membrane surface using the scanning electron microscope (SEM) (Model S-4800; Hitachi Inc., Japan). An ultrasonic cleaner (the bath sonicator, Model SK3300HP; Shanghai KUDOS ultrasonic Instruments, China) was used to disperse the lecithin and remove MC-LR from the outer membrane surface. An ultrasonic cell disruptor (the probe-type sonicator, Model JY92-II; Ningbo Scientz Biotechnology Co., Ltd, China) was used to prepare the liposome, disrupt the embryos, and break membrane. A high-speed centrifuge (Model TGL-16M; Changsha Xiangyi Centrifuge Instrument Co., Ltd, China) was used to separate MC-LR from the suspension after sonication. An inverted microscope (Model TE2000-U; Nikon, Inc., Japan) with 100 w high-pressure mercury lamp excitation and with B, G, UV fluorescence filter blocks (Nikon), a chargecoupled device (Evolution MP; Media Cybernetics, Japan), and digital photomicrography computer software (Image-Pro Plus 6.0) was used to observe toxicity-related changes in zebrafish embryos and larvae.
MC-LR (CAS 101043-37-2, Product code GE-LR-001, 95-99% by HPLC) was obtained from Shanghai Green Emperor Environmental Protection S&T Co., Ltd, China. Trifluoroacetic acid (CAS 76-05-1 and Lot No.802231) was purchased from Tedia Company, Inc. Methanol (CAS 67-56-1 and Product No.1060074000) was obtained from Merck KGaA (Germany). Green fluorescent cell membrane probe (DiO, CAS 34215-57-1) was purchased from Beyotime Institute of Biotechnology (China). Britton-Robinson buffers at pH 2.5, 3.5, 4.5, 5.5, 6.5, and 7.5 were prepared to investigate the pH effects and NaCl concentrations from 0.05 to 0.25 mol/l used to examine the effects of electrolytes at different temperatures ranging from 15°C to 55°C. Reconstituted buffer (ISO 6341) was prepared by mixing 0.294 g of CaCl 2 Á2H 2 O, 0.123 g of MgSO 4 Á7H 2 O, 0.065 g of NaHCO 3 , and 0.006 g of KCl in 1 l of deionized water. A stock solution of MC-LR (4 mmol/l) was prepared in deionized water and diluted daily to the desired concentrations. A calibration curve of MC-LR was prepared by measuring the absorption peak area of MC-LR at 238 nm using an HPLC-DAD (see Supplementary 2, Fig. S1 ). The MC-LR concentration was calculated from the calibration curve. All organic solvents were HPLC grade.
Preparation of liposomes. Lecithin (CAS 8002-43-5, Product No. 69014933 ) was obtained from Sinopharm Chemical Reagents (China). The components of the lecithin was quantitatively analyzed by HPLC with an evaporative light scattering detector (ELSD-UM3000; Tianjin Watson Analytical Instruments Co., Ltd, China) using a normal phase column (Luna 5 l Silica (2) 100 Å , 5 lm, 250 3 4.60 mm; Phenomenex), which contained phosphatidylcholine (PC, 95.4%), phosphatidylethanolamine (3.0%), and palmitic acid triglyceride (1.6%) in weight . The lecithin was suspended in deionized water at a concentration of 20 g/l and ultrasonicated for 300 s at 0°C using a bath sonicator (SK3300HP) with the intervals of 30 s for sonication and 30 s for rest. Single-membrane liposomes (SML) were obtained by ultrasonicating for 300 s at 4°C using a probe-type sonicator (JY92-II) at 120 w with the intervals of 15 s for sonication and 45 s for rest under a constant stream of nitrogen (Sikkema et al., 1994) . The lecithin was extracted from the organism of egg yolk, and the vast majority components in lecithin is PC, which occurs in all cellular organisms, being one of the major components of the phospholipid portion of the cell membrane. SML prepared by PC showed the similar structure and properties with the natural membrane, so SML can be used to simulate the biological membranes.
Adsorption of MC-LR on SML. MC-LR was mixed with SML in 1.0 ml of deionized water, where the concentrations of MC-LR ranged from 0.016 to 3.5 mmol/l and that of PC in SML remained at 4 mmol/l. The mixture was incubated for 4 h and centrifuged for 10 min at 2012 3 g. The concentration of MC-LR in the supernatants was determined by HPLC-DAD. Chromatographic conditions for determining MC-LR were as follows: the optimized mobile phase was water-methanol (34:66 vol/vol) with 1.25% trifluoroacetic acid in water (vol/vol), the flow rate was 1.0 ml/min (isocratic mode), the column temperature was 25°C, and the measurement wavelength was 238 nm. All injections (20.0 ll) were performed manually and MC-LR was eluted at 5.6 min (see Supplementary 2, Fig. S1 ). Each test was replicated three times.
Cultivation, collection, and exposure of embryos. The parental zebrafish were kept in a 25-l rectangular tempered glass tank (50 3 25 3 20 cm). The control settings of the water in the tank: The water (20 l) was ventilated for 24 h with an aquarium air pump (AP-45R, 3 l/min 3 2; Guangdong Chuang Xing Electric Co., Ltd, China) to get 100% oxygen saturation (10.5 ± 0.5 mg/l) at room temperature. Then the water was heated for 30 min with the aquarium glass heater (AT-180; Guangdong Chuang Xing Electric Co., Ltd). Its temperature was maintained at 26.0°C ± 0.2°C and the saturation dissolved oxygen at 8.25 ± 0.4 mg/l. The water with the dissolved oxygen of 8.25 ± 0.4 mg/l, temperature of 26.0°C ± 0.2°C, pH of 7.5 ± 0.5, and hardness of 250 mg/l was used for rearing of the parental zebrafish. The dissolved oxygen in the water was monitored twice daily (8:00 A.M. and 20:00 P.M.) with a portable multiparameter meter (HQ40d; HACH Company). The light illumination was provided with the white fluorescent lights (T4, 10000K; Nanjing HAINENG Electric Light Source Co., Ltd, China) of 640 lx both at the surface of the water and the bottom of the tank. The photoperiod was controlled with a 24-h programmable timer (RS-03; Shanghai HAISHEN Plastic Electrical Appliance Co., Ltd, China) with the light/dark cycle of 14 h/10 h. The parental zebrafish were fed regularly with the frozen red mosquito larvae (Guangdong Shenzhen GONGLIN Co., Ltd, China) from an uncontaminated source twice daily (9:00 A.M. and 5:00 P.M.). On the evening before spawning was required, several rectangular spawning boxes (12 3 20 3 12 cm, DAZS 008-L; Sze Sun Aquarium & Pet Co., Ltd, Hong Kong, China) each containing six male and three female broodstock and a mesh (3-4 mm gap) were placed in the tank. Spawning was triggered once the light was turned on and was completed 396 SONG, GAO, AND WU within 30 min. The eggs were laid at the bottom of the spawning boxes with the depth of 6 cm. The fertilized eggs were collected and rinsed with reconstituted buffer (ISO 6341), which has been ventilated for 8 h to 10 l of water with the air pump (AP-45R) to get the dissolved oxygen of 8.18 mg/l (99.2% oxygen saturation) at 26°C. To ensure that the experiments produced valid results, normal embryos were screened with an inverted microscope (TE2000-U) and the fertilized eggs were obtained only from spawns with a fertilization rate of higher than 95%. Two hours postfertilization embryos and 2 h posthatching larvae were used in all the exposure experiments.
Fragmentation of embryos, extraction, and determination of MC-LR. In the membrane transport experiments, embryos were exposed to different concentrations of MC-LR solutions from 0.008 to 1.3 mmol/l, where 10 embryos were incubated in 1. Fig. S2-19) . Therefore, the concentrations of MC-LR in different parts of embryos, that is, extracellular solutions (c L1 ), outside (c L2 ) and inside (c L3 ) of the membrane and cytoplasm (c L4 ), were determined and their q e calculated. At the same time, the blank control was cultured in the reconstituted buffer (ISO 6341), which was administered by the same methods as that the above experimental group. The positive control was employed by adding a known concentration of MC-LR in the blank control at each step to evaluate the recovery of MC-LR in different parts of embryo during the extraction process. Each test was replicated three times. The recovery of MC-LR in outside and inside of the membrane and cytoplasm was calculated to be 94.5, 92.5, and 93.4%.
SEM and fluorescent morphology of the embryo membrane surface. Ten embryos were exposed to 0, 0.01, 0.10, and 1.00 mmol/l MC-LR, respectively. After incubation for 12 h, the supernatant was removed, and the embryos were freeze-dried for 12 h at À55°C. The SEM morphology of the lyophilized embryos was observed using SEM, and photographs were captured. After incubation for 12 h, each supernatant was removed, and the embryos were incubated with 10lM DiO for 10 min. The morphology of the exposed embryos was observed using an inverted microscope (TE2000-U). Photographs were captured and differences observed and noted.
Toxicological test of MC-LR with embryos and larvae. Ten embryos (10 larvae) were exposed to MC-LR solutions (10.0 ml) in semi-static conditions (24 h renewal), and 25-ml glass petri dishes were used as test chambers. The test chambers were placed into an oscillation light incubator (ZDX-150; Changzhou NUOJI instrument Co., Ltd, China) accompanied with continuous shake at 40 times per min during the exposure process to ensure even distribution of MC-LR in the exposure medium. The incubation temperature was 26.0 ± 0.5°C under a 12-h light/12-h dark photoperiod. The nominal concentrations of MC-LR were 16, 32, 64, 128, 256, 512 , and 1024 lmol/l. The control was cultured in the reconstituted buffer (ISO 6341). Photographs indicating the toxic effects on embryos and larvae were obtained from 1 to 15 days post fertilization with an inverted microscope (TE2000-U). Death was defined by cessation of heartbeat or coagulation of the embryos. Dead embryos and larvae were removed promptly from the petri dishes, and the mortalities of embryos and larvae were calculated. The LC 50 for the embryos and larvae were calculated by probit analysis. Each test was replicated three times.
RESULTS AND DISCUSSION

Interactions between MC-LR and SML
Lecithin is ubiquitous in cells and is a component of the cell membrane phospholipid bilayer. SML, prepared by dispersing lecithin in water, is used to simulate the phospholipid membrane (Li et al., 2007) . In the SML/MC-LR reaction liquid, the equilibrium concentration (c e ) of MC-LR was determined using HPLC-DAD (see Supplementary 2, Fig. S1 ). The association of MC-LR with SML approached equilibrium after approximately 4 h (see Supplementary 2, Fig. S3A ). As Figure 1 demonstrates, the amount of MC-LR adsorbed (q e ) approached equilibrium with an increase in c e to 2.0 mmol/l. The q e increased linearly with an increase in c e from 2.0 to 3.0 mmol/l. These data were fitted to different models to elucidate the interaction between MC-LR and SML (see Supplementary 2, Fig. S4 ). The q e increased and approached a constant maximum at the initial concentration (c 0 ) of 2.2 mmol/l (see Supplementary 2, Fig. S4A ). The -NH 3 þ and -COO À groups of MC-LR may bind to the >PO À 4 and NðCH 3 Þ þ 3 groups of PC, respectively, through ion-pair attraction and hydrogen bonding (Fig. 1b) . The interaction is similar to that of the aggregation of amphoteric compounds on amphoteric surfactant micelles (Soontravanich et al., 2008; Wang et al., 2006) , which obeys the Langmuir isotherm model (Langmuir, 1918) . Therefore, the data presented in Supplementary Figure S4A were fitted to the Langmuir isothermal equation (see Supplementary 1, Equation S1). In view of the good linearity, the binding of MC-LR to SML obeyed the monolayer adsorption when c e ranged between 0.014 and 2.0 mmol/l (Fig. 1a-1 Fig. S4B ), the binding of MC-LR to SML fitted the Pesavento partition model (Leo et al., 1971) . The partition constant (P PC ¼ q e /c e ) (see Supplementary 1, Equation S2) was 117.4 l/kg, that is, log P ¼ 2.07. MC-LR is hydrophobic (log P ow ¼ 4.2) (Rivasseau et al., 1998) as it contains a hydrophobic phenyl moiety (see Supplementary 2, Fig. S1 ). Therefore, it may enter the long aliphatic chain region of PC in SML by hydrophobic effects (Fig. 1a-2) . Although it is hydrophobic, MC-LR possesses some polar entities including carboxylic acids, amino, and amido groups (see Supplementary 2, Fig. S1 ) and demonstrates hydrophilic and hydrophobic functions. SML formed from the bipolar PC molecule have strong polarity in the outer shell, interacting with hydrophilic phosphoric acid and amino groups, but demonstrate strong hydrophobic properties internally, interacting with the long hydrophobic aliphatic chain of PC. Therefore, low concentrations of MC-LR confronted with the polar surface of SML would adsorb on to SML via its polar functions. With an increase in MC-LR concentration, it would be transported through the hydrophilic surface and accumulate between the hydrophobic region and the long aliphatic chain through hydrophobic interactions, after adsorption saturation had been reached on the outer surface of SML.
Effects of Electrolyte, pH, and Temperature on MC-LR/SML Interactions
The q e decreased markedly with an increase in ionic strength to 0.15 mol/l ( Fig. 2A) . Much Cl À was adsorbed on to the zwitterionic head group dipoles (Petrache et al., 2006; Ulrich, 2002) to form anion layers. As the screening of Cl À ions increased, so did the electrostatic repulsion with -COO À of MC-LR, which does not favor close interaction between MC-LR and SML. However, an increase in ionic strength decreases the activity coefficient of the solvent, driving MC-LR to partition into the hydrophobic inner layer of SML. Thus, q e increased at an ionic strength > 0.15 mol/l (Fig. 2A) ; it decreased within the pH range 2.5-7.5 (Fig. 2B) . The pK a of PC is approximately 0.8 (Moncelli et al., 1994) , and the >PO À 4 ions of SML predominate within this pH range. MC-LR has two carboxylic groups on its glutamic and aspartic acid side chains and one guanidine group residing on the arginine side chain. In an acidic medium, the amino group (NH þ 3 ) of the guanidine moiety and the g-carboxylic group (-COOH) are protonated, so in MC-LR has a positive overall charge. The ion-pairs occurred between >PO À 4 groups in PC of SML and the positively charged NH þ 3 group on the guanidine group of arginine residues in MC-LR. Therefore, q e was higher in a very acidic medium (pH ¼ 2.5). The dissociation of carboxylic groups occurs around pH 3.3-3.4 (Rivasseau et al., 1998) , and the carboxylic entities evolve into their carboxylate form -COO À at a pH higher than 3.5. MC-LR gradually changed from an ampholitic form to one that was neutral and then to one with an anionic overall charge. In basic medium, the guanidine residue became neutral (-NH 2 ) and MC-LR possessed two negative charges owing to the g-COO À groups. The decrease in q e can be explained by the ionization of these two carboxylic groups at a pH higher than 3.5. This makes MC-LR amphoteric or negatively charged, which is not favorable for MC-LR binding to SML owing to electrostatic repulsion; therefore, q e decreased with increasing pH (Fig. 2B) . The q e increased with an increase in temperature (Fig. 2C) . The plots of lnK versus T À1 fitted the van't Hoff equation (see Supplementary 1, Equation S3; Rombough, 1985) . The entropy change (DS) was calculated as 89.8 ± 0.8 J/mol/K and the enthalpy change (DH) as þ9.8 ± 0.3 kJ/mol. The free enthalpy (DG ¼ DH À TDS) was calculated as À19.59 ± 0.03 to À15.99 ± 0.02 kJ/mol within the temperature range examined (see Supplementary 2, Fig. S5 ). The MC-LR/SML interaction is spontaneous and driven by entropy increases. The endothermic reaction indicated that a higher temperature favored MC-LR binding to SML.
Association of MC-LR with Embryos
Ten embryos were exposed to MC-LR to investigate the interaction between them. MC-LR adsorption on embryos reached equilibrium at approximately 36 h (see Supplementary 2, Fig. S3B ), which is longer than that experienced in vitro (see Fig. S3A ). The main reason for this is that MC-LR is less accessible to the embryo than to SML. In addition, the barrier role of the embryonic membrane and the growth and metabolism of the embryo affect the transport of MC-LR. As in the in vitro experiments, the change in q e on embryos was apparent during the absorption and partition stages: q e demonstrated two consecutive absorption process at low c e of MC-LR (Fig. 3-1 and 3-2) and q e increased linearly when c e was > 0.4 mmol/l (Fig. 3-3) . To understand the adsorption characteristics of MC-LR on embryos better, various models were used to fit the q e data for different concentrations of MC-LR (see Supplementary 2, Fig. S6) . q e approached a maximum when c 0 was increased to 0.04 mmol/l (see Supplementary 2 Fig S6A) . The data conformed to the Langmuir adsorption isotherm (see Supplementary 1, Equation S1). From plots of q Fig. S6A ), N of MC-LR on embryos was calculated as 0.13 ± 0.006, that is, 0.13 nmole of MC-LR bound to one embryo. K was calculated as (1.73 ± 0.004) 3 10 5 l/mol, which is higher than that obtained in vitro using SML. Therefore, MC-LR was distributed more readily on the embryo membranes, probably facilitated by functional groups such as carboxyl, amino, sulfate, phosphate, amide, and hydroxyl imidazole (Bhainsa and D'Souza, 2008; Yan and Viraraghavan, 2003) . The q e tended to be balanced when c 0 was 0.40 mmol/l (see Supplementary 2, Fig S6B) . This adsorption process followed the Freundlich isotherm model (see Supplementary 1, Equation S4 ; Nounou and Nounou, 2010 ) from 0.05 to 0.4 mmol/l. From plots of log q e versus log c e (see Supplementary 2, Fig. S6B ), the heterogeneity factor (1/n) was calculated as 0.73 ± 0.05, demonstrating that MC-LR was not only adsorbed on to the outer membrane surface but distributed inside the membrane phospholipid bilayer and in the cytoplasm. When c 0 was > 0.5 mmol/l, q e increased linearly with an increase in c 0 (see Supplementary 2, Fig. S6C ). The association with MC-LR conformed to a general partition model (see Supplementary 1, Equation S2). The partition coefficient (P embryo ) was calculated as 3.34 ± 0.14 ml per embryo (see Supplementary 2, Fig. S6C ), that is, approximately 113 l/kg, approaching that obtained in vitro using SML.
Ionic strength, pH, and temperature affected the binding of MC-LR to embryos (see Supplementary 2, Fig. S7 ). As with the SMLs, q e on embryos decreased with increased ionic strength (see Supplementary 2, Fig. S7A ) as large amounts of Cl À tended to adsorb to the outer membrane surface (Petrache et al., 2006; Ulrich, 2002) , and this is not favorable for the binding of MC-LR to the membrane. The q e decreased when the pH was > 3.5 (see Supplementary 2, Fig. S7B) . A possible reason is that the carboxylic groups of MC-LR evolved into their carboxylate form -COO À (Rivasseau et al., 1998) , which does not favor binding of MC-LR to embryos. The q e increased with increased temperature (see Supplementary Fig. S7C ). The difference between q e on embryos and SMLs is that q e increased at an ionic strength of 0.1 mmol/l and a pH of 7.4. These ionic strength and pH conditions were close to normal conditions favorable for the physiological activity of embryos (see Supplementary 2, Figs. S7A and 7B). The q e decreased when the temperature was > 40°C, but this affected embryonic activity (see Supplementary 2, Fig. S7C ).
Membrane Distribution of MC-LR
The membrane, which consists of a phospholipid bilayer, membrane proteins, and oligosaccharides, acts as a natural   FIG. 3 . The change in q e of MC-LR on zebrafish embryos (n ¼ 10) with an increase in c e from 0.004 to 1.3 mmol/l in MC-LR solutions after 36 h exposure. ''1'' Stands for the Langmuir absorption stage for MC-LR on the outer membrane surface, ''2'' stands for the Freundlich absorption stage for MC-LR both on outside of membrane and inside of the membrane phospholipid bilayer, and ''3'' stands for the partition stage of MC-LR from the membrane to the cytoplasm of embryos; ''a-1'' demonstrates MC-LR adsorption on the outer membrane surface, ''a-2'' demonstrates MC-LR transmembrane transport from the outer membrane surface to inside the membrane phospholipid bilayer, and ''a-3'' demonstrates MC-LR partition from the membrane phospholipid bilayer to the cytoplasm. barrier and plays a protective role during normal cellular activity. It performs a number of essential functions including nutrient transport, ion conduction, and signal transduction. Accumulation of harmful chemicals in the membrane may cause membrane expansion, blockage of ion pumps and altered proton permeability (Panda et al., 1999; Saar et al., 2005; Sikkema et al., 1994) . Understanding transmembrane transport of chemicals is useful for understanding their underlying toxicity mechanisms. The distribution of MC-LR among various parts of the embryos was determined by fragmenting the embryos and examining MC-LR levels (see Supplementary  2, Fig. S2 ). The majority of the MC-LR remained in the extracellular medium (Fig. 4) . When c 0 was < 0.044 mmol/l, > 75% of the adsorbed MC-LR was located on the outer membrane surface and less than 6% entered the cytoplasm (see Supplementary 2, Fig. S8 ), that is, more than 0.099 nmole was present on the outer membrane surface and 0.006 nmole entered the cytoplasm of one embryo (Fig. 4A) . At MC-LR concentrations of 0.06 to 0.50 mmol/l, the adsorbed MC-LR was predominantly distributed inside the membrane phospholipid bilayer, with some evident in the cytoplasm; q e in these two fractions increased in line with an increase in c 0 (Fig. 4B) . However, the percentage distribution of MC-LR inside the membrane decreased, whereas that in the cytoplasm gradually increased. The percentages in these two fractions were comparable when c 0 increased to 0.50 mmol/l (see Supplementary 2, Fig. S8 ), demonstrating that MC-LR was continuously transported from the membrane to the cytoplasm until equilibrium was reached. At a concentration > 0.5 mmol/l, q e in the cytoplasm increased with an increase in c 0 (Fig. 4C) . When c 0 was > 1.0 mmol/l, over 70% of the adsorbed MC-LR was distributed in the cytoplasm, < 5% on the outer membrane surface, and > 23% inside the membrane (see Supplementary  2, Fig. S8 ), that is, more than 2.13 nmole of MC-LR were transported into the cytoplasm but only 0.65 nmole inside the membrane and 0.13 nmole on the outer membrane surface (Fig.  4C ). The data demonstrate that different concentrations of MC-LR cause alterations in membrane distribution (Figs. 4A-C) and may represent different membrane transport processes involved in delivering MC-LR from the extraembryonic medium to the developing embryonic cells. A scheme of the possible membrane transport processes included three stages (Fig. 4D): (1) surface adsorption, (2) transmembrane transport, and (3) intracellular accumulation.
Diffusion Dynamic Model
The adsorption of MC-LR on to embryos (Fig. 3) and its distribution among various parts of the embryo (Fig. 4) were studied. Initially, the membrane surface was free from MC-LR, and when MC-LR reached the surface, it may have instantly attached to the binding sites. Therefore, the adsorption rate could be dominated by the number of MC-LR molecules diffusing from the extra-embryonic solution to the embryonic surface. This implies that the adsorption process can be analyzed by diffusion-controlled dynamics (McKay and Poots, 1980) , presented as:
Where q t (nmol/embryo) represents the amount of MC-LR adsorbed on one embryo at time ''t,'' c 0 is the initial exposure concentration of MC-LR in solution, D is the diffusion coefficient, and S is the specific surface area of the embryonic membrane (Das et al., 2006) . According to the adsorption kinetics data in Figure 5A , the regression plots concerning q t versus t 0.5 was shown in Figure 5B . Therefore, the plot of q t versus t 0.5 would be a straight line under a diffusioncontrolled transport mechanism. The results presented in Figure 5B demonstrate different characteristics for various concentrations of MC-LR but appear linear at 0.03 mmol/l (Fig. 5B-1 ) and 1.3 mmol/l (Fig. 5B-3) , demonstrating that the adsorption process at these two concentrations obeys the diffusion-controlled dynamics model (Equation 1). At low concentrations, MC-LR was adsorbed to the outer membrane surface directly from the extracellular fluid (Fig. 5B-1 ) and partitioned freely through the membrane into the cytoplasm at high concentrations (Fig. 5B-3) . The transport process demonstrated a multilinearity of three stages at a concentration of 0.3 mmol/l (Fig. 5B-2) . In this concentration, the adsorption data for MC-LR did not obey the diffusion-controlled dynamics model, that is, (1) the initial sharp portion can be attributed to the 
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SONG, GAO, AND WU instantaneous adsorption at the outer membrane surface; (2) the gradual adsorption is controlled by the transfer rate of MC-LR from the outer membrane surface to inside the membrane phospholipid bilayer; and (3) the third stage is the final partition where the rate is controlled by the different partition coefficients for MC-LR in the membrane and cytoplasm. Therefore, the three-stage results from dynamics (Fig. 5) are consistent with the results concerning the adsorption of MC-LR on to the embryo (Fig. 3, see Supplementary 2, Fig. S6 ) and the distribution process governing MC-LR expression in various parts of the embryo (Fig. 4) .
Transmembrane Transport Mechanism
The embryonic membrane contains several hydrophilic groups such as carboxyl, amino, sulfate, phosphate, amide, and hydroxyl imidazole (Bhainsa and D'Souza, 2008; Yan and Viraraghavan, 2003) . Therefore, many polar groups including -COOH, -OH, and -NH 2 are distributed on the outer membrane surface. MC-LR contains several hydrophilic groups including carboxylic acid and guanidine residues (see Supplementary 2, Fig. S1 ), has strong polarity, and is water soluble. Therefore, the polar groups of MC-LR and those present in the embryonic membrane would interact in solution. The initial attachment of MC-LR to embryonic membrane surfaces is due to: (1) electrostatic interaction between the polar groups of MC-LR and the electron-rich sites on the embryonic membrane surface and (2) weak physical forces such as hydrogen bonds and van der Waals interactions between the hydrophobic portions (the aromatic rings) of MC-LR and the polysaccharides of the embryonic membrane (Blackburn, 2004) . MC-LR was adsorbed on to the outer membrane surface via ion-pair attraction, hydrogen bonds, and van der Waals forces (Fig. 3a-1 ). In addition, polar organic chemicals exert transmembrane impedance effects (TMIE) (Ren et al., 2010) . In low concentrations of MC-LR, there was evidence of TMIE. The combination of various interactions between MC-LR and embryos and the TMIE caused low concentrations of MC-LR to adsorb firmly to the outer membrane surface. SEM analysis and the morphology of membranes observed after fluorescence microscopy confirmed that low concentrations of MC-LR were predominantly adsorbed on the outer membrane surface and caused the membrane layer to become obscured ( Fig. 6A-2) , resulting in decreased fluorescence intensity (Fig. 6A-2) .
After surface adsorption, MC-LR was transported from the outer membrane surface into the membrane phospholipid bilayer ( Fig. 3a-2) , owing to the scarcity of available binding sites on the outer membrane surface and the high hydrophobic action of MC-LR (Rivasseau et al., 1998) . Results relating to adsorption (see Supplementary 2, Fig. S6B ), distribution (Fig. 4B) , and dynamics ( Fig. 5B-2 ) indicated that MC-LR was adsorbed on to the outer membrane and inside the membrane phospholipid bilayer at a concentration range of 0.05 to 0.4 mmol/l. Furthermore, fluorescence intensity outside and inside the membrane (Fig. 6B-3 ) was lower than in the control (Fig. 6B-1) .
High concentrations of MC-LR resulted in the membrane surface becoming flat and the average spacing of polar heads of phospholipids increased (Fig.6A-4 ) thinning the membrane (van Rooijen et al., 2009) , and this was confirmed by fluorescence analysis: the fluorescence intensity decreased and the fluorescent layer was thinner when high concentrations of MC-LR were employed (Fig. 6B-4) . Membrane thinning has been suggested as a possible mode of membrane disruption (Sokolov et al., 2006) . The distribution of MC-LR in various parts of embryos was related to different partition coefficients (Vanwezel and Opperhuizen, 1995) . As the partition coefficients of MC-LR in storage lipids are higher than in phospholipids, MC-LR was readily partitioned from membrane phospholipids to the cytoplasm, which contains many storage lipids (Fig. 3a-3) . The highly lipophilic MC-LR could move easily through the thinned and disrupted membrane to accumulate in the cytoplasm and caused acute death within 36 h (see Supplementary 2, Fig. S9 ). The results relating to absorption, distribution, kinetics, SEM, and fluorescence demonstrated that different concentrations of MC-LR behaved differently in terms of transmembrane transport processes, and the possible mechanisms are (1) diffusion from the extracellular medium to the outer membrane surface and adsorption by electrostatic attraction, hydrogen bonds, and van der Waals forces (Figs. 3a-1 and 4D-a); (2) transmembrane transport from the outer membrane surface into the membrane phospholipid bilayer owing to the high lipophilicity of MC-LR and the activity and metabolism of embryos (Figs. 3a-2 and 4D-b); (3) partition from the membrane phospholipid bilayer to the cytoplasm owing to the different partition coefficients between the phospholipid bilayer and storage lipids (Figs. 3a-3 and 4D-c) .
Effects of MC-LR on the Development of Zebrafish Embryos and Larvae
Photographs taken during zebrafish embryo development demonstrated normal development in control embryos and larvae (Fig. 7A) , whereas those exposed to various concentrations of MC-LR had different degrees of deformity (Figs. 7B  and 7C ). Exposure to a low concentration of 0.01 mmol/l MC-LR showed normal development for 1-day exposure, but embryos showed obvious tail twisting (TT) and axial malformation (AM) for 2 days exposure ( Fig. 7B-2) . The larvae showed slight pericardial edema (PE) and hemagglutination (HE) for 3 days exposure (Fig. 7B-3 ) and obvious PE, yolk sac edema (YSE), and swim bladder defect after 5 days exposure (Fig. 7B-5,6,7) . At a concentration of 0.1 mmol/l MC-LR, embryos showed obvious pericardial edema (PE) just for 1-day exposure (Fig. 7C-1 ) and serious HE and hatching gland edema (HGE) for 2 days exposure ( Fig. 7C-2) . The larvae presented with very serious PE, hemorrhage (H), and yolk condensation for 3 days exposure (Fig. 7C-3 ) and extraordinary severe vacuolization (V) in the pericardium for 5 days exposure (Fig. 7C-5 ). Figure 8 presents the mortality of embryos and larvae after long-term exposure to different concentrations of MC-LR. Acute lethal toxicity was apparent in 256 lmol/l MC-LR exposure groups with all embryos dying within 3 days, and chronic sublethal toxicity was evident in groups exposed to < 128 lmol/l with only 30% dying after 5 days exposure to 128 lmol/l MC-LR (Fig. 8A) . In contrast, it took 6 days for all larvae to die in the group exposed to 256 lmol/l MC-LR, whereas only 20% died after 7 days exposure to 128 lmol/l (Fig. 8B) . The median lethal concentration (LC 50 ) of MC-LR was calculated from the mortality date for embryos and larvae. The 2-day LC 50 was approximately 273 lmol/l for embryos and 724 lmol/l for larvae, whereas the 8-day LC 50 were 78 lmol/l for embryos and 72 lmol/l for larvae. Therefore, the embryos were more sensitive to the high concentration of MC-LR than larvae, but the converse was true for exposure to the low concentration. This supports the view that the low 8, 0, 16, 32, 64, 128, 256, 512 , and 1024 lmol/l) for different time to evaluate the acute and chronic lethal toxicities. 402 SONG, GAO, AND WU concentration of MC-LR was predominantly adsorbed to the outer membrane surface (Fig. 4A) , which did not result in embryonic death at a concentration < 64 lmol/l (Fig. 8A) owing to the protective function of the membrane. The toxic characteristics caused by different concentrations of MC-LR are closely related to their different membrane transport processes. At concentrations < 64 lmol/l, adsorption on the outer membrane surface was predominant (Fig. 4A ) which caused the membrane layer to become obscured ( Fig. 6A-2) . Although this binding of MC-LR on the outer membrane surface did not result in embryonic death (Fig. 8A) , it altered the membrane structure, which may have affected the flow/rotation of phospholipids, transport of membrane proteins, and the import of necessary substances, resulting in TT, tail curving (TC), and AM (Fig. 7B) . MC-LR is strong hydrophobic (Rivasseau et al., 1998) and was able to move from the outer membrane surface to the cytoplasm (Figs. 3a-2 and 4B) where it may have bound some proteins including bovine serum albumin, lysozyme, flavodoxin, myoglobin, and ferredoxin-NADP þ reductase (Vela et al., 2008) , affecting metabolism and causing chemical damage such as inhibition of serine/threonine protein phosphatases PP1 and PP2A (Hastie et al., 2005) . This could result in promotion of tumors (Ohta et al., 1992) , DNA damage (Zegura et al., 2008) , disruption of oxidative phosphorylation (La-Salete et al., 2008) , reduction of the myofibril volume fraction, and myocardial contractility (Milutnovic et al., 2006) , leading to ventricular dysfunction and serious PE, YSE, and HGE and severe HE, H, and V in the pericardia of exposed embryos and larvae (Fig. 7C) . When the concentrations of MC-LR were > 0.5 mmol/l, the exposed embryo membrane became thinned and disrupted (Figs. 6A and 6B-4) and the TMIE collapsed. More than 70% of MC-LR accumulated in the cytoplasm (see Supplementary 2, Fig. S8 ) and caused acute death within 36 h (see Supplementary 2, Fig. S9 ).
CONCLUSIONS
By investigating the interactions of MC-LR with SML and Zebrafish embryos, we established the separation and instrumentation method of MC-LR from membrane and cytoplasm and proposed the adsorption mechanism of MC-LR on embryo and its transmembrane transport pathway. Based on the teratogenic and lethal toxicity of MC-LR to zebrafish embryos and larvae, the transmembrane distribution of MC-LR has demonstrated the close correlation among its interaction, transport, and toxicity effects. MC-LR exhibited the different interaction way with embryos when it was exposed in the low and high concentration levels. MC-LR in low concentration exposure, for example, less than 0.04 mmol/l was absorbed mostly on outer surface of embryos by electrostatic attraction, hydrogen bond, and van der Waals force according to Langmuir isotherm and then caused the physical damage of embryos including TT, TC, and AM. When MC-LR is between 0.05 and 0.4 mmol/l, it transferred from outside membrane surface into membrane phospholipid bilayer fitting to Freundlich isotherm model and bound by the hydrophobic interaction and then caused the chemical damage and serious deformities of embryos including PE, YSE, HGE, HE, H, and V. When the exposure concentration of MC-LR is more than 0.5 mmol/l, it entered cytoplasm from membrane according to the water-lipid partition law and then caused the acute death of embryos. In addition, the SEM of embryo surface, fluorescence-probing observation of the embryo, and the adsorption kinetics of MC-LR in various exposure concentrations further confirmed the above accumulation and transport of MC-LR in/to embryo.
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